The functionalization of multi-walled carbon nanotubes (MWCNTs) was using with ethylenediamine and cyanuric chloride and sodium 2-mercaptoethanol as efficient ways to introduce amine and thiol functional groups onto the nanotube sidewalls. The synthesized amino and thiolated MWCNTs were characterized by Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and scanning electron microscope (SEM). A series of batch adsorption experiments were conducted to study the effect of pH, dose, metal concentration and temperature on Hg(II) uptake by the functionalized, MWCNTs. The isotherm data were analyzed for possible agreement with the Langmuir than Freundlich models, while the equilibrium data were fitted better by Langmuir model. The pseudo-first-order and pseudo-second-order rate equations were tested on kinetic * Corresponding author: Tel: +98 151325896, Fax: +98 1513258960, E-mail address: nbahramifar@yahoo.com (N. Bahramifar) 2 data and an adsorption followed the pseudo-second-order rate kinetics. Based on the thermodynamic data of ΔH o , ΔS o and ΔG o obtained, it can be concluded that the Hg(II) ion adsorption on the functionalized MWCNTs is exothermic, spontaneous and the mechanism of physical adsorption. In a fixed-bed column adsorption, the effects of bed height, flow rate and initial ion concentration on the breakthrough curve were investigated, on which the predictions were found to be satisfactory both by the Yan and Thomas models. Lastly, we found out the assynthesized MWCNTs with good efficiency for Hg(II) removal from real wastewater.
Introduction
Mercury is a highly toxic and accumulative metal and its compounds, especially methyl mercury, are neurotoxins which cause blockage of the enzyme sites and interfere in protein synthesis. The fate of inorganic, mercury ions in nature is its turning into methyl mercury due to the aerobic action of microorganisms [1] . The main sources of mercury ions in aquatic ecosystems are divergent, chloralkali wastewater, oil refineries, power generation plants, paper and pulp manufacturing, rubber processing and fertilizers industries [2] . Various methods have been used for removing heavy metals from aqueous environment such as reverse osmosis, chemical precipitation, ion exchange, coagulation and adsorption [3] . Many carbon-based nanoparticles (CNTs) have been developed to remove heavy metals from aqueous media [2, [4] [5] [6] . They are promising material for numerous applications due to their unique electrical, mechanical, thermal, optical and chemical properties. In addition, CNTs are proven to be superior adsorbents for 3 several divalent metal ions in water, because of their capability to establish (π-π) electrostatic interactions as well as for their large surface areas [7] [8] [9] . Therefore, they have received considerable attention for usage in analytical chemistry and environmental remediation [10] .
Multi-walled carbon nanotubes (MWCNTs) were the first observed CNTs involving of up to several tens of graphite shells [11] . The sorption capability of MWCNTs is related mainly to the functional groups attached on its surface [12] . Generations of functional groups on the surface carbon nanotubes improves the reactivity and provides active sites for further chemical modifications [13] . Many researchers have developed amino [10, 14] and thiol [15] [16] [17] [18] functionalization on carbon-based adsorbents and CNTs in order to increase the adsorption capacity and removal efficiency of heavy metals and organic compounds. Among these functional groups, the thiols have an excellent binding ability to some metals such as silver, mercury, copper, nickel and zinc [18, 19] . So far, integrated existence of amino and thiol functional groups on the surface of CNTs has not been reported and nor as having been applied as adsorbent for heavy metals.
In the present study, we prepared new integrated amino and thiol functional groups on the MWCNT surface for removal of mercury ions from an aqueous solution. The As-synthesized products were characterized by Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS) and scanning electron microscope (SEM). Adsorption of mercury ions from aqueous solution was carried out in batch and continuous systems. The factors affecting the adsorption of Hg(II) onto the functionalized MWCNTs (pH, ion concentration, feed flow rate, temperature, adsorbent dosage and bed height) were investigated. The data thus obtained were fitted with the Freundlich and Langmuir isotherm models in the batch system and with Yan and Thomas models in the 4 continuous mode. The thermodynamic properties, including enthalpy, entropy and Gibbs free energy, of the functionalized MWCNTs were determined from the experimental data. Desorption and recovery of Hg(II) was also studied for the subsequent recycling. Finally, the capability of thiolated MWCNTs for the removal of Hg(II) ion from chloralkali wastewater was investigated.
Experimental

Materials and reagents
MWCNTs were obtained from Timesnano Chinese Academy of Sciences Company. The purity was more than 95%, outside diameter (OD) 20-30 nm, inside diameter (ID) 5-10 nm, length 10-30 µm, specific surface area (SSA) more than 110 m 2 /g, density 0.28 g/cm 3 and electrical conductivity (EC) more than 100 s/cm. 1,5-diphenylthiocarbazone (Dithizone), hydrochloric acid (37% HCl), methanol, ethanol, tetrahydrofuran (THF), HgCl 2 , ethylenediamine (EDA), concentrated H 2 SO 4 and HNO 3 acids, 2,4,6-trichloro-1,3,5-triazine (cyanuric chloride), n,n-diisopropylethylamine (DIPEA), n,n-dicyclohexylcarbodiimide (DCC) and cetyltrimethylammonium bromide (CTAB) obtained from Merck (Germany). The sodium 2-mercaptoethanol was prepared controlled conditions by reacting metallic sodium with 2-mercaptoethanol (from Merck).
Synthesis process
MWCNTs-COOH
Raw-MWCNT (5 g) was treated with 10% HCl for 3 h and 15 min sonication (180 W, 53 kHz,)
to remove impurities such as metal particles, residual catalysts and amorphous carbons in the stage of synthesis ( Fig. 1-a) . Then the sample was filtered and washed many successive times 5 with distilled water to reach a neutral pH. In order to chemically oxidize and prepare the carboxylated MWCNTs (MWCNTs-COOH), the sample was suspended in 400 ml 10 N H 2 SO 4 and HNO 3 (3:1 by volume) and refluxed at 175 o C for 18 h in Teflon flask, then filtered and washed with hot distilled water until the pH was neutral, and dried at 180 ˚C for 1 h (Fig. 1-b) [20] . (Fig. 1-c ) [21] .
MWCNTs-EDA
MWCNTs-triazine
In order to blend the triazine into the MWCNTs-EDA, 8.86 g of cyanuric chloride was dissolved in 480 ml of THF and then 11.5 ml of DIPEA was added and stirred at 0 o C for 3 h under argon atmosphere. Then 3 g of MWCNTs-EDA was added to this mixture and stirred at 0 o C for 48 h under argon atmosphere; during this reaction time the chlorine atom in cyanuric chloride was substituted by the amine group in EDA and the released HCl was trapped by DIPEA. Then the sample was filtered and washed with dried THF repeatedly to remove the excess cyanuric chloride and dried at 80 o C for 8 h ( Fig. 1-d ) [22] . The prepared product denoted MWCNTstriazine.
MWCNTs-SH
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The aromatic triazine ring in the MWCNTs-triazine has two chlorine atoms which can be substituted by thiol functional groups. With that in mind, 25 ml of sodium 2-mercaptoethanol was mixed with 30 ml methanol, then 2 g of MWCNTs-triazine was added to the mixture and refluxed at 50 o C for 12 h, stirring at low speed. The sample was filtered and rinsed with methanol and dried at 80 o C for 3 h (Fig. 1-e) . The thiolated product was denoted as MWCNTs-SH.
Characterization of adsorbents
The FT-IR spectra were recorded (Shimadzu FT-IR 8400s spectrometer, Japan) in the range of 500-4000 cm -1 and TGA was also carried out (Rheometric Scientific, STA 1500, USA) from an ambient temperature to 700 
Batch adsorption experiments
Batch adsorption experiments were conducted in 250 ml conical flasks containing 100 ml of 
where R is the removal efficiency of the Hg(II), C 0 the initial concentration and C t the final concentration Hg(II) in mg/l at t time. The adsorption capacity of the adsorbent at equilibrium was calculated by the following equation:
where q e is the equilibrium adsorption capacity of the adsorbent in mg/g, C 0 the initial concentration in mg/l and C e the equilibrium concentration of Hg(II) in mg/l, V the volume in L of Hg(II) solution and W the weight in g of the adsorbent. The analyses were done in duplicate with the average values reported.
Effect of the adsorbent dose
In the batch experiments, the effects of the dose of the adsorbent (100, 200, 400 and 600 mg/l) on adsorption of Hg(II) at 10 mg/l were studied. The pH of the working solution was adjusted to 7 by 0.1 M NaOH. For all experiments, fresh diluted ion solutions were prepared daily.
Effect of the solution pH
The effect of a different pH of the initial solution on adsorption was investigated in pH range of 2 to 8 by adding 0.1 M HNO 3 and 0.1 M NaOH solution. The working volume was 100 ml, the adsorbent dose and the ion concentration was 400 and 10 mg/l, respectively. The samples 8 contained 250 ml conical flasks were stirred at 200 rpm to reach equilibrium. The concentration of the remaining Hg(II) ion was measured after filtration at designed intervals.
Effect of temperature
The effect of temperature (15, 25, 35 and 45 o C) on Hg(II) adsorption was studied with 40 mg of MWCNTs-SH in 100 ml of 40 mg/l metal ion solution at pH 6. 
Adsorption isotherms
where, q e is the adsorption capacity of the adsorbent in mg/g and C e the concentration of metal ion in mg/l at equilibrium. The q m is the maximum adsorption capacity of the metal monolayer in mg/g, and b the constant that refers to the bonding energy of adsorption in l/mg. The Freundlich isotherm model is considered to be appropriate for describing both multilayer sorption and sorption on heterogeneous surfaces. The Freundlich model can be expressed by the following equation [22] :
where, q e is the equilibrium adsorption capacity of the adsorbent in mg/g, C e the liquid phase concentration in mg/l at equilibrium, K f the constant related to the adsorption capacity of the adsorbent and n the empirical constant depicting the intensity of adsorption which varies with the heterogeneity of the adsorbent. The greater is the value of n the better its adsorption capacity.
The nonlinear regression analysis was carried out with SigmaPlot software (SigmaPlot 10.0, USA) in order to predict both the K f and the n parameters.
Kinetic studies
The kinetic studies were carried out using 40 mg of MWCNTs-SH in 100 ml of different concentrations (5, 10, 20, 40, 80 and 100 mg/l) of Hg(II) metal ion solutions at pH 6. In order to describe the kinetic process between aqueous and solid phase, the pseudo-first-order rate was used for surface adsorption of Hg(II) ion on MWCNTs-SH. This model is presented by Lagergren as follows [25] :
The pseudo-second-order rate equation presented by Ho to describe the kinetic adsorption of divalent metal ion onto an absorbent is expressed as follows [26] :
where q e and q t are the amount of adsorbed metal ion in mg/g on the adsorbent, at equilibrium and time t, respectively, while k 1 in min
and
are the rate constants of first-and second-order adsorption, respectively [27, 28] . 10 
Adsorption thermodynamics
The adsorption studies were conducted at different temperatures (15, 25, 35 
calculated from the initial and the equilibrium concentrations (C 0 and C e ) of the metal ion [7] :
where, V is the working volume in L and W the adsorbent mass in g. The ∆G o is the change in Gibbs free energy in J mol -1 , calculated according to the following equation [29] :
Fixed bed column adsorption studies
The adsorption capability of MWCNTs-SH for removal of Hg(II) ion in solution was studied using a fixed-bed glass column in the form of a lab scale apparatus with an inside diameter of 5 mm. Fig 2 demonstrates the schematic of lab scale apparatus of continuous adsorption. As the figure shows, the prepared solution containing Hg(II) ion was passed through the column using a peristaltic pump (pump drive 5101, Heidolph, Germany) in upward mode. The experiments were carried out at various bed heights (7, 14 and 21 mm) of MWCNTs-SH, at various influent flow rates (1, 1.5 and 2 ml/min) and various initial Hg(II) ion concentrations (20, 40 and 60 mg/l), at 11 pH 6 and room temperature. These conditions were chosen according to optimum conditions obtained in the batch studies. The effluent samples were collected at appropriate time intervals.
Fixed bed column data analysis and modeling
The effluent concentration trend versus the time profile gave the breakthrough curve. The breakthrough time, t b , is considered to be when the metal concentration in the effluent (C eff ) reaches about 5% of the influent concentration (C o ), representing the still active column. The exhausting time, t e , is assumed when the metal concentration in the effluent reaches 95% of the influent concentration. The area surrounded by the breakthrough curve represents the total metal ion mass adsorbed (q total , mg) which is evaluated by the following equation:
where (1-C eff /C 0 ) is the concentration of metal ion absorbed (mg/l) and Q the flow rate (ml/min) that can be determined by Eq. (11) .
The total amount metal ion passed through the column (mg) can be obtained from the Eq. (12) and the total removed metal evaluated by dividing the metal mass absorbed (q total ) by the total amount of metal ion passed the column (m total ), as shown in Eq. (13):
The equilibrium adsorption capacity, q e (mg/g), and the equilibrium metal concentration, C e (mg/l), can be obtained from the following equations, respectively:
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where m is the adsorbent mass (g). The mass transfer zone (MTZ) is the region of the bed where most of the adsorption occurs and moves up through the bed column in time to be evaluated by Eq. (16) [22] :
where L is the bed height (cm), t b and t e are the time (min) required to achieve the breakthrough point and the exhaust point, respectively.
Successful designing of the column adsorption needs to be able to predict the concentration-time breakthrough curve for the effluent. The maximum capability of an adsorbent is also required in the design. The Thomas model (Thomas, 1948) is used traditionally to achieve this purpose and expressed as follows [30] :
where C e (mg/l) is the metal ion concentration in effluent, C 0 the influent metal ion concentration in mg/l, k T the Thomas rate constant in ml/min.mg, q T the maximum solid-phase concentration of solution in mg/g, M the mass of the adsorbent in g, V the throughput volume in ml and Q the influent flow rate in ml/min. The Yan model is an empirical equation overcoming the deficiencies in the Thomas model, especially its serious deficit in predicting the effluent 13 concentration at time zero. It was found to define the breakthrough curve better in a fixed bed column. This equation is expressed as follows [31] :
where q Y is the maximum adsorption capacity (mg/g) of adsorbent estimated by the Yan model and a the constant coefficient.
Batch desorption study
Any prepared adsorbent must be renewable in practice, or synthetized MWCNTs-SH should also 
Real wastewater study
In order to survey capability of the prepared adsorbents for removal of Hg(II) from actual wastewater, some batch experiments were conducted on chloralkali wastewater. The wastewater sample was taken from effluent sewage of wastewater treatment plan of petrochemical 14 chloralkali unit of Mahshahr, Iran. An sufficient amount of nitric acid was added to sample to prevent adsorption of mercury ions by the plastic walls of container. The sample was held in a cooled flask with ice bag and transported to laboratory for study. After adjusting the pH to 6, 100 ml of sample was placed in four 250 ml conical flask and 20 mg of each adsorbent (MWCNTs, MWCNTs-COOH, MWCNTs-EDA and MWCNTs-SH) was added and stirred for 60 min. After than the Hg(II) content of all samples was determined by an inductively coupled plasma mass (ICP-Ms) method (PerkinElmer, Optima 7300 DV, USA).
Results and discussion
Characterization of adsorbents
The FT-IR peaks in the range of 500-4000 cm -1 , related to pristine and functionalized MWCNTs, are recorded in Fig. 3-a . The H 2 SO 4 -HNO 3 treatment introduces the carboxyl group on the MWCNTs during oxidation. The presence of peaks at ≈3438 and ≈1726 cm -1 are related to the stretching vibrations of ν(OH) and ν(C=O) of the carboxyl groups (COOH), respectively, [10] which become stronger and deeper in the MWCNTs-COOH rather than the MWCNTs.
Symmetric and asymmetric methylene stretching bands at ≈2850 and ≈2920 cm -1 , respectively, are observed to be present in the MWCNTs and MWCNTs-COOH. It is assumed that defective sites on the sidewall of MWCNTs contain these groups [20] . The peak at ≈1097 cm -1 is assigned to the ν(C-O) stretching vibration [10] which becomes sharper in the MWCNTs-COOH compared to the MWCNTs and disappears after amine functionalization. A peak at ≈3378 cm -1 overlapping with the stretching vibration of ν(-OH) in the MWCNTs-EDA is due to the -NH 2 stretching of the amine group [10, 33] that confirms the successful engulfing of the EDA to carboxyl groups. In the MWCNTs-triazine the three successive peaks from ≈800 to ≈1300 cm -1 are due to incorporation of the melamine-based molecule to EDA tails of the MWCNTs-EDA.
The C-Cl and C-N bond stretchings at ≈763 and ≈1180 cm -1 , respectively, are detectable [34, 35] . Those at ≈1531 and ≈1492 cm -l and at ≈1178 cm -l were assigned to C=N and C-N groups in the triazine ring, respectively [36] . The new weak peak at ≈2668 cm -1 in MWCNTs-SH may be attributed to the S-H bond vibration.
It should be mentioned that the S-S or C=S bond that maybe appeared in thiol functionalization were observed [15] , but hardly detectable in the FT-IR spectra. Therefore, the XPS was used to confirm the thiolation of the MWCNTs. In Fig. 3 MWCNTs-triazine and MWCNTs-SH are shown in Fig. 3-d . All samples were sputtered with gold before imaging. As shown in Fig. 3-d , no changes in morphology has occurred in all samples where the nanotubes do not appear to be damaged or shortened during oxidation at severe and harsh experimental conditions. The images show that most of the tubes are in parallel arrangement to one another after treatments. This may be due to strong intertubular electrostatic interactions between surface functional groups. On the other hands, the hydrophobic surface of MWCNTs leading to repulsion among tubes, resulted in a random arrangement of nanotubes [40] . Furthermore, it is noticeable that there are more open ends (bright patches) on the MWCNTs-COOH compared to raw MWCNTs, suggesting that nanotubes become more active at the ends and sidewalls [41] . Created defect sites and covalently attached functional groups, especially in amine modified cases (MWCNTs-EDA and MWCNTs-triazine), can cause a reduction in electric conductivity of nanotubes, which may be the reason for the blurring shape of the images and reduction of the contrast and resolution [42].
Adsorption of Hg(II) metal ion in batch system
Effect of adsorbent dose
The batch experiments were carried out to compare the efficiency of different adsorbents for Hg(II) ion removal, a comparison of which for five adsorbents at different doses is depicted in Fig. 4 . According to these data, the MWCNTs-SH can be considered to be a more effective adsorbent than the others. Furthermore, increasing the adsorbent dose increases the ion removal percentage due to a boost in the available fresh sites on the absorbent. The tendency of Hg(II) to bind to the thiol functional group has been proved [43] . The Hg(II), Cd(II) and Pb(II) are metal ions with low-charge density, considered soft acids that form strong covalent bonds to soft bases such as sulfur [44] . Although carboxylated and amino modified MWCNTs have been used for removal of divalent metals [10, 21] , no other metal forms as strong a covalent bond with a thiol functional group as mercury ion does (200 kJ mol -1 ). It is well-known that the ligands containing aromatic backbones with two additional thiol arms can bind the Hg in a linear S-Hg-S arrangement [45] . These types of ligands are effective at removing mercury ions from aqueous solutions. Furthermore, in our synthesized MWCNTs-SH, two thiol functional groups have been attached to alkyl chains that provide the high flexibility to achieve the linear S-Hg-S arrangement ( Fig. 1-e) .
Effect of solution pH
The pH of the solution plays an important role on the adsorption of ion metals. In order to determine the effect of pH on the Hg(II) ion removal by MWCNT-SH, some experiments were carried out with different pH values while the other parameters were constant. As is shown in
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Fig. 5, the Hg(II) removal increases from 9.8% to 92% with increase in the pH from 2 to 8, respectively. The solution pH has a different effect on adsorption depending on the type of adsorbent and functional groups. The removal of mercury ions by powdered activated carbon revealed that the removal efficiency decreases with an increasing pH [3] . The reaction mechanism of the SH functional group and mercury ions species are formulated as equations (20) and (21) 
Adsorption isotherms
Adsorption isotherms contain certain constant parameters expressing the surface properties and 
Adsorption thermodynamics
The effect of temperature on the adsorption of Hg(II) ion onto MWCNTs-SH has been illustrated by a linear plot of lnk d versus 1/T in Fig. 7 , and the estimated thermodynamic parameters and correlation coefficients calculated from Eqs. (7-9) are summarized in and 0 kJ mol -1 ), while the physisorption and chemisorption together occur within the range of (-20 to -80 kJ mol -1 ), chemisorption being within the range of (-80 to -400 kJ mol -1 ) [48] . The obtained ΔG° values indicate that interactions between Hg(II) and MWCNTs-SH can be considered as physisorption mechanism. On the other hand, it is accepted that physical adsorption involves an enthalpy change in the range of (2 to 21 kJ mol -1 ), while the heat for chemisorption generally falls into a range of (80-200 kJ mol -1 ) [49] . The low value of ΔS° implies that no noticeable change in entropy occurred during the Hg(II) adsorption and the negative value of ΔS° indicates a tendency to lower disorder at the solid-solution interface during adsorption. In addition, it also reflects no occurrence of ion replacement reactions, because the increased entropy of the system could have happened due to release of the ion from the solid surface to the solution [10] . On the other hand, in adsorption processes release of the water molecules produced by ion exchange reactions between the metal ion and the surface functional groups of the adsorbent can increase ΔS° [50] .
Desorption
The desorption efficiency of MWCNTs-SH was evaluated by HCl, H 2 SO 4 and HNO 3 acid treatment. The 0.5 M HCl was more effective than other concentrations as well as other acid types. The adsorbent was reused in five successive adsorption-desorption cycles as can be seen in Fig. 8 , indicating a loss in the adsorption capacity of 7.2% for Hg(II) compared to the initial cycle, revealing a good regeneration capacity of the adsorbent. This is different from what Pillay et al. [46] have reported whereas no desorption was observed in their prepared S-MWCNTs due 21 to strong bonding of the Hg(II) to sulfur functional groups on the adsorbent surfaceand even acid washing was unable to release the mercury ions. . As mentioned before, the MWCNTs-SH prepared in this study contains two free thiol chains that can bind to Hg(II) in a linear arrangement, depending strongly on the pH of the solution, whereby desorption can be achieved at low pH. The good desorption rate also confirms that the Hg(II) adsorption is physisorption.
Adsorption kinetics
Typical kinetic experimental curves for adsorption of Hg(II) on the MWCNTs-SH in different ion concentrations showed that ion adsorption increases sharply during a short contact time (5 min) and slows down gradually to reach equilibrium (Figure not shown) . In order to describe the kinetics for Hg(II) ion adsorption onto the MWCNTs-SH, the pseudo-first-order and pseudosecond-order kinetics are applied (Figures not shown) . The parameters of the kinetic models and the regression correlation coefficients (R 2 ) are listed in Table 3 . The R 2 values clearly indicate the validity of the pseudo-second-order versus pseudo-first-order kinetics which is not fitted logically. As seen in Table 3 , when the initial ion concentration increases from 5 to 100 mg/l, the pseudo-second-order constants (k 2 ) decrease from 2.05 to 0.0025 g/mg min. This indicates that the available active sites on the MWCNTs-SH are saturated rapidly by Hg(II) ion, furthermore suggesting the possibility of the formation of a monolayer coverage of Hg(II) onto the adsorbent [2] .
Adsorption of Hg(II) in fixed bed column
Effect of bed height 22
Fixed-bed column experiments were conducted using filled columns with MWCNTs-SH for three different bed heights (of 7, 14 and 21 mm) at a constant flow rate of 1.5 ml/min and an influent Hg(II) concentration of 40 mg/l. The breakthrough curves at different bed heights are shown in Fig. 9-a and the breakthrough analysis summarized in Table 4 . At a constant flow rate, with increase in the bed height from 7 to 14 mm, the removal percentage increases from 42.46 to 57% due to more active sites in the column. Also, because the MTZ needs more time to reach the column end, the metal ion have more time to be in contact with the absorbent, but in bed height of 21 mm no noticeable removal occurs (53.97%), because it takes longer for the column to reach exhaustion time, more solution can pass through the column, so the removal obtained is less than that for the bed height of 14 mm. According to Table 4 , both the greater q e (91.37 mg/g) and the removal percentage denote results for the bed height of 14 mm rather than those of 7 and 21 mm. Thus the optimum bed height can be considered as 14 mm.
Effect of flow rate
The breakthrough curves for Hg(II) at various flow rates (of 1, 1.5 and 2 ml/min) through a 7 mm bed height column and an influent concentration of 40 mg/l are shown in Fig. 9-b and the breakthrough parameters presented in Table 4 . These results reveal that with increasing the flow rate from 1 to 2 ml/min, the breakthrough curve shows shorter time to reach the column exhaustion. The breakthrough analysis shows that at the flow rates of 1, 1. By increasing the flow rate, the metal ion do not have enough time to bind to the absorbent as they would have passed the column before reaching equilibrium, so the column active life is significantly reduced [22] , and a higher q e obtained at flow rate of 1 ml/min. At the lower flow 23 rate (1 m l/min) the MTZ is located in the lower section of the column (4.41 mm), so the metal ion have enough time to bind to the adsorbent along the column, but at higher flow rates the MTZ shifts to the end of the column, which can diminish the time needed for binding the metal ion.
Effect of influent metal ion concentration
The effect of the influent metal ion concentration on the adsorption of the Hg(II) was and 69.30%, respectively. This trend is due to the decrease in the total passed volume of metal solution through the column with the increase in the influent metal ion concentration, until the column reaches to exhaustion time.
Fixed bed column modeling
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The Thomas and Yan models were used for fitting the experimental data in order to determine the rate constant, maximum adsorption capacity and to predict the breakthrough curve for dynamic adsorption of Hg(II). The breakthrough curves, predicted by the Yan and Thomas models at different bed height, flow rate and various initial concentrations for Hg(II), are shown in Fig. 9(a-c) . All the parameters of the Thomas and Yan models for Hg(II) removal in columns for various conditions are presented in Table 4 . As these parameters show, the obtained non- Table 4 ). From this MWCNTs-SH in a fixed-bed column.
Chloralkali wastewater adsorption
In order to survey capability of the prepared adsorbents for removal of Hg(II) from actual wastewater, some batch experiments were conducted on chloralkali wastewater. Characteristics of chloralkali wastewater are summarized in Table 5 . As the results show, chloralkali wastewater contains a high concentration of different ions, especially of total solids (TS) and EC, which can interfere with adsorption of Hg ion on the adsorbents. Thus the selectivity of the adsorbent is important. As the Fig. 10 shows, the MWCNTs-SH is a good adsorbent with high capability for adsorption of mercury ions (88.7%) from chloralkali wastewater in comparison with other modified MWCNTs.
Conclusions
Amino and thiol functional groups of MWCNTs were successfully prepared for the removal of mercury ions from synthetic chloralkali wastewater. 
